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Description
TECHNICAL FIELD

[0001] The present disclosure relates generally to an
electronic system and method, and, in particular embod-
iments, to an antenna in package arrangement.

BACKGROUND

[0002] Mobile devices, such as smartphone, tablets,
laptops, and wearable devices, are now ubiquitous. Most
modern mobile devices include communication capabil-
ities (e.g., one or more of WiFi, Bluetooth, LTE, etc.), and
a display (also referred to as a screen) with touchscreen
capabilities. A glass generally covers the display to, e.g.,
protect it from impact (e.g., to protect the mobile device
from damaging drops), without interfering with touch-
screen and display operations.

[0003] Typical examples of glass used to cover the dis-
play of mobile devices include tempered glass, Dragon-
trail glass and Corning ® Gorilla ® glass, such as such
as Gorilla ® glass 4, Gorilla ® glass 5, and Gorilla ® glass
6. For example, all of Gorilla ® glass 4, 5, and 6 include
a core glass and a compression layer. Gorilla ® glass 4,
5and 6 have a refractive index (at 590 nm) between 1.49
and 1.51, are available in thicknesses between 0.4 mm
and 1.3 mm, and exhibits a fracture toughness between
0.67 and 0.7 MPa m9-5, and a shear modulus between
26 and 31.9 GPa. Other examples, such as glass that
includes sapphire, are also used.

[0004] Mobile devices are getting thinner and their dis-
play size is getting larger. For example, bezel-less and
edge-to-edge design have gained popularity in recent
years. For example, Figure 1 shows an example of smart-
phone 100 without bezel-less design. Figure 2 shows an
example of smartphone 200 with bezel-less design. For
clarity purposes, not all features of smartphones 100 and
200 are shown.

[0005] As shown in Figure 1, bezel 104 is the region
of the front surface of smartphone 100 that surrounds
screen 102. Bezel 104 extends from the screen to the
frame. For example, bezel 104 extends from screen 102
to top frame 110, bottom frame 112, right frame 114, left
frame 116 Components such as speaker 106 and camera
107 are disposed in bezel 104. Glass 120, such as tem-
pered glass, Dragontrail glass and Corning ® Gorilla ®
glass covers front side 108 and extends frame-to-frame
(i.e., from top frame 110 to bottom frame 112, and from
right frame 114 to left frame 116).

[0006] As shown in Figure 2, the term bezel-less de-
sign refers to a design with less bezel than a non-bezel-
less design. Forexample, smartphone 200 has bezel 204
surrounding screen 202. A glass (not shown) such as
tempered glass, Dragontrail glass and Corning ® Gorilla
® glass covers front side 208 and extends frame-to-frame
(i.e., from top frame 210 to bottom frame 212, and from
right frame 214 to left frame 216).
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[0007] Bezel-less designs allows for a larger display
size, which allows for displaying more content, and for
improving the user experience.

SUMMARY

[0008] In accordance with an embodiment, a device
includes: a first support structure having a main surface
and an edge surface; a screen covering the first support
structure and having a main surface and an edge surface;
a glass covering the screen; a frame; and a package
electrically coupled to the first support structure viaa con-
nector, the package including a radio-frequency integrat-
ed circuit (RFIC) and a laminate that has a plurality of
interconnect levels, the plurality of interconnect levels
including an end-fire antenna configured to direct a first
millimeter-wave radiation beam through the glass, and a
patch antenna configured to direct a second millimeter-
wave radiation beam through the frame, where the
screen partially covers the laminate.

[0009] In accordance with an embodiment, a mobile
device includes: a screen; a glass; first, second, third and
fourth frames that surround the screen and the glass; a
gap between the screen and the first frame; a first printed
circuit board (PCB) having a main surface facing the first
frame and an edge surface facing the screen; and a pack-
age electrically coupled to the first PCB via a connector,
the package including a radio-frequency integrated cir-
cuit (RFIC) that includes a millimeter-wave radar and a
laminate having a plurality of interconnect levels, where
a first interconnect level of the plurality of interconnect
levels includes an end-fire antenna configured to direct
a first millimeter-wave radiation beam through the gap
and the glass, and where a second interconnect level of
the plurality of interconnect levels includes a patch an-
tenna configured to direct a second millimeter-wave ra-
diation beam through the first frame, where the package
has a first thickness, and where a distance between the
screen and the firstframe is lower than the first thickness.
[0010] In accordance with an embodiment, a method
for transmitting and receiving radar signals in a mobile
device includes: transmitting a first radar signal through
a glass of the mobile device with a first Yagi antenna of
a package, the first Yagi antenna being formed in a first
interconnect level of a laminate of the package, where a
screen of the mobile device covers the laminate and does
not cover the first interconnect level; transmitting a sec-
ond radar signal through a frame of the mobile device
with a first patch antenna of the package, the first patch
antenna being formed in a second interconnect level of
the laminate, the first interconnect level being different
from the second interconnect level; and receiving reflect-
ed radar signals with a second Yagi antenna formed in
the first interconnect level and a second patch antenna
formed in the second interconnect level.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0011] For a more complete understanding of the
presentinvention, and the advantages thereof, reference
is now made to the following descriptions taken in con-
junction with the accompanying drawings, in which:

Figure 1 shows an example of a smartphone without
bezel-less design;

Figure 2 shows an example of a smartphone with
bezel-less design;

Figure 3 shows a radar system, according to an em-
bodiment of the present invention;

Figure 4 shows a smartphone without a bezel-less
design and including eight millimeter-wave radars;

Figure 5 hows a cross-section view of the smart-
phone Figure 4.

Figure 6 shows a cross-section view of the millime-
ter-wave radar of Figures 4 and 5;

Figures 7A-7C show various views of a millimeter-
wave radar, according to an embodiment of the
present invention;

Figure 8 shows a cross-section view of a portion of
asmartphone having a bezel-less design and includ-
ing at least one millimeter-wave radar, according to
an embodiment of the present invention;

Figures 9A-9C show various views of a smartphone
having a bezel-less design and including four millim-
eter-wave radars, according to an embodiment of
the present invention;

Figures 10A and 10B show various views of a mil-
limeter-wave radar, according to an embodiment of
the present invention;

Figure 11 shows a cross-section view of a portion of
s smartphone having a bezel-less design and includ-
ing at least one millimeter-wave radar, according to
an embodiment of the present invention; and

Figures 12A-12C show various views of a smart-
phone having a bezel-less design and including four
millimeter-wave radars, according to an embodiment
of the present invention.

[0012] Corresponding numerals and symbols in differ-
ent figures generally refer to corresponding parts unless
otherwise indicated. The figures are drawn to clearly il-
lustrate the relevant aspects of the preferred embodi-
ments and are not necessarily drawn to scale.
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DETAILED DESCRIPTION OF ILLUSTRATIVE EM-
BODIMENTS

[0013] The making and using of the embodiments dis-
closed are discussed in detail below. It should be appre-
ciated, however, that the present invention provides
many applicable inventive concepts that can be embod-
ied in a wide variety of specific contexts. The specific
embodiments discussed are merely illustrative of specific
ways to make and use the invention, and do not limit the
scope of the invention.

[0014] The description below illustrates the various
specific details to provide an in-depth understanding of
several example embodiments according to the descrip-
tion. The embodiments may be obtained without one or
more of the specific details, or with other methods, com-
ponents, materials and the like. In other cases, known
structures, materials or operations are not shown or de-
scribed in detail so as notto obscure the different aspects
of the embodiments. References to "an embodiment" in
this description indicate that a particular configuration,
structure or feature described in relation to the embodi-
ment is included in at least one embodiment. Conse-
quently, phrases such as "in one embodiment" that may
appear at different points of the present description do
not necessarily refer exactly to the same embodiment.
Furthermore, specific formations, structures or features
may be combined in any appropriate manner in one or
more embodiments.

[0015] Embodiments of the present invention will be
described in a specific context, a mobile device having
a bezel-less design and including a millimeter-wave ra-
dar. Embodiments of the present invention may also be
used in devices having a bezel, in electronic devices that
are not mobile, such as a television, and in devices that
include radio-frequency (RF) circuits in addition to or in-
stead of a millimeter-wave radar, such as 5G communi-
cation circuits.

[0016] In an embodiment of the present invention, a
mobile device includes a package that includes a millim-
eter-wave radar, a Yagi antenna configured to radiate
radar signals through a glass of the mobile device, and
a patch antenna configured to radiate radar signals
through a frame of the mobile device. The Yagi antenna
and the patch antenna are formed in different intercon-
nect levels of a high speed laminate of the package. The
package is coupled via a plurality of balls to a main sur-
face of a printed circuit board (PCB), where the main
surface of the PCB is substantially perpendicular to a
main surface of a screen of the mobile device.

[0017] A radar, such as a millimeter-wave radar, may
be used to detect and track targets, such as humans, a
face, afinger, etc. The tracking of targets may allow, e.g.,
for gesture recognition. For example, Figure 3 shows ra-
dar system 300, according to an embodiment of the
presentinvention. Radar system 300 includes millimeter-
wave radar 302 and processor 304. In some embodi-
ments, millimeter-wave radar 302 includes processor
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304.

[0018] During normal operation, millimeter-wave radar
302 transmits a plurality of radiation pulses 306, such as
chirps, towards scene 308. In some embodiments the
chirps are linear chirps (i.e., the instantaneous frequency
of the chirp varies linearly with time).

[0019] Thetransmitted radiation pulses 306 are reflect-
ed by objects in scene 308. The reflected radiation pulses
(not shown in Figure 3), which are also referred to as the
echo signal, are detected by millimeter-wave radar 302
and processed by processor 304 to, for example, detect
and track targets.

[0020] The objects in scene 308 may include static
and/or moving objects, including periodically moving ob-
jects, such as humans, a face, a finger, a fan, such as
lying human 110, a fan, furniture, a wall, etc.

[0021] Processor 304 analyses the echo data to deter-
mine the location of targets using signal processing tech-
niques. For example, in some embodiments, arange FFT
is used for estimating the range component of the location
of a detected target (e.g., with respect to the location of
the millimeter-wave radar). The azimuth component of
the location of the detected target may be determined
using angle estimation techniques.

[0022] Processor 304 may be implemented as a gen-
eral purpose processor, controller or digital signal proc-
essor (DSP) that includes, for example, combinatorial
circuits coupled to a memory. In some embodiments, the
processor 304 may be implemented with an ARM archi-
tecture, for example. In some embodiments, processor
304 may be implemented as a custom application spe-
cific integrated circuit (ASIC). In some embodiments,
processor 304 includes a plurality of processors, each
having one or more processing cores. In other embodi-
ments, processor 304 includes a single processor having
one or more processing cores. Other implementations
are also possible. Some embodiments may be imple-
mented as a combination of hardware accelerator and
software running on a DSP or general purpose micro-
controller.

[0023] In some embodiments, millimeter-wave radar
302 operates as a FMCW radar that includes, a millim-
eter-wave radar sensor circuit, a transmitting antenna,
and at least two receiving antennas. In some embodi-
ments, a single receiving antenna may be used.

[0024] Millimeter-wave radar 302 transmits and re-
ceives signals in the 20 GHz to 122 GHz range. Alterna-
tively, frequencies outside of this range, such as frequen-
cies between 1 GHz and 20 GHz, orfrequencies between
122 GHz, and 300 GHz, may also be used.

[0025] In some embodiments, the echo signals re-
ceived by the receiving antennas of millimeter-wave ra-
dar 302 are filtered and amplified using band-pass filter
(BPFs), low-pass filter (LPFs), mixers, low-noise ampli-
fier (LNAs), and intermediate frequency (IF) amplifiers in
ways known in the art. The echo signals are then digitized
using one or more analog-to-digital converters (ADCs)
for further processing. Other implementations are also
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possible.

[0026] One or more millimeter-wave radars 300 may
be used in a mobile device, such as a smartphone, to
implement features such as gesture recognition, face
recognition, or other radar features, such as object de-
tection and tracking. For example, Figure 4 shows smart-
phone 400 without a bezel-less design and including
eight millimeter-wave radars 430.

[0027] Figure 5 shows a cross-section view of smart-
phone 400. As shown in Figure 5, smartphone 400 in-
cludes touchscreen 402, glass 420, and millimeter-wave
radars 430. Touchscreen 402 is disposed over molding
compound or gap 506 (where gap 506 may be a space
void of molding compound, such as filled with air, such
as an air gap). Millimeter-wave radars 430 are disposed
on support structure 504 (which may be, e.g., a PCB,
flexible PCB, or a molder plastic with metallization). Each
millimeter-wave radar 430 has a respective field-of-view
(FoV)513 and is capable of producing a radar beam 514.
Although FoV 513 and radar beam 514 are shown to be
the same in Figure 5, it is understood that a radar beam
may be different (narrower) than the corresponding FoV.
[0028] The radar beam 514 may travel through glass
with little or no attenuation or distortion. However, screen
402 may block partially or completely radar beam 514.
Therefore, in some embodiments, and as shown in Fig-
ure 5, the radar beam 514 of millimeter-wave radar 430
is projected through glass 420 but not through screen
402.

[0029] Figure 6 shows a cross-section view of millim-
eter-wave radar 430. Millimeter-wave radar 430 includes
die 608, balls 606, high frequency laminate 604 and one
or more transmitting patch antennas (not shown)and one
or more receiving patch antennas (not shown).

[0030] The dimensions of millimeter-wave radar 430,
may be, for example, 3.5 mm of width, 2.5 mm of length
and 1 mm of height.

[0031] As shown in Figures 4-6, smartphone 400 de-
votes at least about 2.5 mm of bezel to allow for the pro-
jection of radar beam 514.

[0032] In an embodiment, a smartphone incorporates
one or more millimeter-wave radars adjacent to a frame
of the smartphone. Each millimeter-wave radar is inside
a respective package that also includes a Yagi antenna
configured to radiate radar signals through a glass of the
smartphone, and a patch antenna configured to radiate
radar signals through a frame of the smartphone. The
FoV of the plurality of millimeter-wave radars may cover
180°, 360° or may have spherical coverage. In some em-
bodiments, the plurality of radars of the smartphone may
perform target detection and/or tracking of targets in an
advantageously broad FoV.

[0033] Inanembodiment,the screenis separated from
the frame of the smartphone by a distance that is lower
than a height of the package in a location where a pack-
age including the millimeter-wave radar is located. For
example, in an embodiment where the package has a
height of 0.5 mm, the distance between the screen and
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the frame is lower than 0.5 mm at the location where the
package is disposed.

[0034] Figures 7A-7C show various views of millime-
ter-wave radar 700, according to an embodiment of the
present invention. Millimeter-wave radar 700 may be im-
plemented as millimeter-wave radar 302.

[0035] Millimeter-wave radar 700 includes package
730. Package 730 includes surfaces 760, 762, 764, 766,
768,and 770, die 708, balls 706, high frequency laminate
704, one or more antennas 740 for boresight radiation
(e.g., patch antennas) and one or more antennas 742 for
end-fire radiation (e.g., Yagi antennas).

[0036] As shown in Figures 7A-7C, high frequency
laminate 704 includes a plurality of interconnect levels.
In some embodiments, high frequency laminate 704 in-
cludes 5 interconnect levels. In some embodiments, high
frequency laminate 704 may include more than 5 inter-
connect levels, such as 6 interconnect levels, or more.
In other embodiments, high frequency laminate 704 may
include less than 5 interconnect levels, such as 4 inter-
connect levels, or less.

[0037] In some embodiments, as shown in Figures 7A
and 7B, the end-fire antennas and the patch antennas
are disposed in differentinterconnectlevels. In some em-
bodiments, disposing the end-fire antennas and the
patch antennas in different interconnect levels advanta-
geously allows for a compact radar solution that radiates
in multiple directions.

[0038] As shown in Figures 7B and 7C, millimeter-
wave radar 700 may include one transmitting antenna
(7401 and 7421) and one or more receiving antennas
(740,, and 742, and 7425) per radiation direction.
[0039] In some embodiments, radar beams 714 and
715 have a conical shape with an angle aq and a4 be-
tween 45° and 55°. In some embodiments, angles o, and
o4 may be higher than 55°, such as 60°, 90°, or more. In
other embodiments, angles o4 and o.y may be lower than
45° such as 40° or lower. In some embodiments, angles
ag and oy may be the same. In other embodiments, an-
gles ag and a4 may be different.

[0040] Highfrequency laminate 704 may be, for exam-
ple, RO 4350 laminate from Rogers Corporation, Meg-
tron 6 or 7 laminates from Panasonic, HL972 or HL 872
laminates from Mitsubishi. Other high-speed laminates
may also be used.

[0041] Balls 706 are used to connect die 708 with ex-
ternal circuits. Some embodiments may implement pads
instead of balls. Other types of connectors may also be
used.

[0042] Die 708 is aradio-frequency (RF)integrated cir-
cuit (IC) (RFIC) that includes a millimeter-wave radar
sensor circuit (not shown). The millimeter-wave radar
sensor circuit may transmit and receive signals in the
GHz range via antennas 740 and 742. For example,
some embodiments may transmit and receive signals
such as chirps in a band allocated around frequencies
such as 95 GHz, 120 GHz, 140 GHz, and/or 240 GHz
and/or other frequencies between about 95 GHz and
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about 240 GHz range. In some embodiments, operating
millimeter-wave radar at frequencies of 90 GHz or higher
(such as 120 GHz), advantageously allows for a smaller
size of the package 730, when compared with lower fre-
quencies.

[0043] Some embodiments may transmit and receive
signals such as chirps in the 20 GHz to 122 GHz range.
Some embodiments may transmit and receive signals,
such as chirps with frequencies above 240 GHz. Other
frequencies and frequency ranges are also possible.
[0044] By running at high frequencies, such as millim-
eter-wave frequencies, and by having the antennas in-
tegrated in the same package, the package and antenna
size of millimeter-wave radar 700 may be reduced to al-
low a plurality of millimeter-wave radars 700 to be placed
in the perimeter of a touchscreen, such as the touch-
screen of a smartphone or wearable device. In some em-
bodiments, for example, dimensions d4, d,, and d; may
be, for example, 0.5 mm, 2.25 mm, and 3.5 mm, respec-
tively. Other dimensions are also possible.

[0045] In some embodiments, the millimeter-wave ra-
dar sensor circuit process the echo signals received by
using band-pass filter (BPFs), low-pass filter (LPFs), mix-
ers, low-noise amplifiers (LNAs), and intermediate fre-
quency (IF) amplifiers in ways known in the art. The echo
signals are then digitized using one or more analog-to-
digital converters (ADCs) for further processing. Other
implementations are also possible.

[0046] Figure 8 shows a cross-section view of a portion
of smartphone 800 having a bezel-less design and in-
cluding atleast one millimeter-wave radar 700, according
to an embodiment of the present invention. Smartphone
800 includes screen 802, glass 820, millimeter-wave ra-
dar 700, PCBs 804 and 806, flex PCB 810, and frame
812.

[0047] AsshowninFigure 8, millimeter-wave radar700
is coupled to PCB 804, e.g. via balls 706. As shown, PCB
804 has a main surface 804a that is perpendicular to
main surface 802a of screen 802. Surface 766, which is
the edge surface of package 730 that is closer to anten-
na(s) 742 faces surface 820b of glass 820. Surface 760,
which is the main surface of package 730 that is closer
to antenna(s) 740 faces surface 812b of frame 812, which
for instance forms an edge face of the smartphone. In
some embodiments, placing millimeter-wave radar 700
inthis manner (with edge surface 760 facing surface 812b
of frame 812 and perpendicular to surface 820b of glass
820) advantageously allows for broad FoV of millimeter-
wave radar 700, which includes the FoV 713 and 716
and covers, in some embodiments, up to 180° (ag+aq).
[0048] Insomeembodiments, suchasshownin Figure
8, screen 802 is in contact with edge surface 804b of
PCB 804. In other embodiments, screen 802 may not be
in contact with PCB 804.

[0049] Insomeembodiments, suchasshownin Figure
8, distance d, between edge surface 802b of screen 802
and surface 812b of frame 812 is smaller than height d,
of high frequency laminate 704. As shown in Figure 8, a
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region (gap 801) adjacent to edge surface 766 is void of
screen 802 and screen 802, therefore, may partially cov-
er portions of high frequency laminate 704 without cov-
ering antenna(s) 742, thereby, without interfering or sub-
stantially interfering with radar beam 715. In some em-
bodiments, partially covering portions of high frequency
laminate 704 advantageously allows for an increase in
display size while preserving the ability to perform radar
functions, e.g., with millimeter-wave radar 700.

[0050] In some embodiments, gap 801 is filled with air.
In other embodiments, gap 801 includes other materials
in addition to or instead of air, such as plastic or glass,
for example.

[0051] In some embodiments, distance d, may be be-
tween 0.3 mm and 0.5 mm. In other embodiments, dis-
tance d, may be higher than 0.5 mm, such as 1 mm or
higher, or smaller than 0.3 mm, such as 0.28 mm or less.
For example, a smaller distance d, may be possible if
antenna(s) 742 are formed in an interconnect level closer
to surface 760 (such as, e.g., in interconnect levels 4, 5,
or 6).

[0052] Glass 820 does not interfere, or does not sub-
stantially interfere with millimeter-wave radiation. In other
words, millimeter-wave radiation can freely travel
through glass 820, e.g., without (e.g., substantial) atten-
uation/distortion. Examples of glass 820 include temper-
ed glass, Dragontrail glass and Corning ® Gorilla ® glass,
such as such as Gorilla ® glass 4, Gorilla ® glass 5, and
Gorilla ® glass 6. Other types of glass may also be used.
[0053] Frame 812 may include materials such as plas-
tic, and other materials that do not interfere or do not
substantially interfere with millimeter-wave radiation.
Frame 812 is located at the perimeter of smartphone 800
and may correspond to any of the sides of the smart-
phone 800. For example, if smartphone 800 has a design
similar to smartphone 200, frame 812 may correspond
to any of frames 210, 212, 214, or 216.

[0054] Screen 802 may be, for example, a display with
touchscreen capabilities (also known as a touchscreen).
In some embodiments, screen 802 may be a display with-
out touchscreen capabilities.

[0055] As shown, PCBs 804 is directly connected to
millimeter-wave radar 700, e.g., via balls 706. PCB 804
is coupled to main PCB 806, e.g., viaflex PCB 810, where
PCB 806 includes, e.g., a processor (not shown) and/or
other circuits of smartphone 800. PCBs 804, 806, and
flex PCB 810 may be implemented in any way known in
the art. For example, in some embodiments, PCBs 804,
806 and 810 may include materials such as FR-4. Other
implementations, such as using laminate, metallized
plastic, or flex PCB, may also be used.

[0056] Figures 9A-9C show various views of smart-
phone 900 having a bezel-less design and including four
millimeter-wave radars 700, according to an embodiment
of the present invention. Screen 902 may be implement-
ed in a similar manner as screen 802.

[0057] Asshown inFigure 9A, the high frequency lam-
inate 704 of millimeter-wave radars 700 near surfaces
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914 and 916 are partially covered by screen 902 (e.g.,
as shown in Figure 8), which no portion of millimeter-
wave radars 700 near surfaces 910 and 912 are covered
by screen 902. In some embodiments, it is possible to
extend screen 902 to cover portions of millimeter-wave
radars 700 near surfaces 910 and/or 912. In other words,
as shown in Figures 9B and 9C, any or all of distances
dg, d7, dg, and dg may be smaller than distance d. In
some embodiments, distances dg, d;, dg, and dg may all
be equal to each other. In other embodiments, distances
dg, d7, dg, and dg may all be different from each other.
Other implementations are also possible.

[0058] As shown in Figure 9A, in some embodiments,
the four millimeter-wave radars 700 allows for a FoV cov-
ering 360° around frames 910, 912, 914, and 916. As
shown in Figures 9B and 9C, in some embodiments, the
four millimeter-wave radars 700 allows for a FoV covering
180° covering screen 920.

[0059] Figures 10A and 10B show various views of mil-
limeter-wave radar 1000, according to an embodiment
of the present invention. Millimeter-wave radar 1000 is
implemented and operates in a similar manner as millim-
eter-wave radar 700. Millimeter-wave radar 1000 how-
ever, includes one or more end-fire antennas facing sur-
face 764, e.g., as shown in Figures 10A and 10B. For
example, as shown in Figures 10A and 10B, antenna
1042, is atransmitting antenna, and antennas 1042, and
10425 are receiving antennas.

[0060] As shown in Figure 10A, radar beam 1015 has
a direction that is opposite to radar beam 715.

[0061] Distances dqq, d¢¢, and dy, may be the same
as distances d, d,, and d3. In some embodiments, dis-
tances d,q, dq4, and d4, may be different as distances
d4, d,, and ds.

[0062] As shown in Figure 10A, antennas 742 and
1042 may be implemented in the same interconnect lev-
el. In some embodiments, antennas 742 and 1042 may
be implemented in different interconnect levels. In some
embodiments, antenna 740 may be omitted.

[0063] Figure 11 shows a cross-section view of a por-
tion of smartphone 1100 having a bezel-less design and
including at least one millimeter-wave radar 1000, ac-
cording to an embodiment of the present invention.
Smartphone 1100 is implemented and operates in a sim-
ilar manner as smartphone 800. Smartphone 1100 how-
ever, includes antenna(s) 1042 radiating towards the
back frame 818 of smartphone 1100.

[0064] Figures 12A-12C show various views of smart-
phone 1200 having a bezel-less design and including
four millimeter-wave radars 1000, according to an em-
bodiment of the present invention. Smartphone 1200 is
implemented and operates in a similar manner as smart-
phone 900. Smartphone 1200 however, includes anten-
na(s) 1042 radiating towards the back frame 918 of
smartphone 1200.

[0065] In some embodiments, e.g., as shown in Fig-
ures 12A-12C, implementing millimeter-wave radar
1000, e.g., as shownin Figure 11, advantageously allows
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for having a spherical FoV around the smartphone.
[0066] Example embodiments of the presentinvention
are summarized here. Other embodiments can also be
understood from the entirety of the specification and the
claims filed herein.

[0067] Example 1. A device including: a first support
structure having a main surface and an edge surface; a
screen covering the first support structure and having a
main surface and an edge surface; a glass covering the
screen; a frame; and a package electrically coupled to
the first support structure via a connector, the package
including a radio-frequency integrated circuit (RFIC) and
a laminate that has a plurality of interconnect levels, the
plurality of interconnect levels including an end-fire an-
tenna configured to direct afirst millimeter-wave radiation
beam through the glass, and a patch antenna configured
to direct a second millimeter-wave radiation beam
through the frame, where the screen partially covers the
laminate.

[0068] Example 2. The device of example 1, further
including a second support structure having a main sur-
face substantially parallel to the main surface of the
screen, the main surface of the second support structure
being substantially perpendicular to the main surface of
the first support structure, where the first support struc-
ture is electrically coupled to the second support struc-
ture.

[0069] Example 3. The device of one of examples 1 or
2, where the first support structure includes a first printed
circuit board (PCB) and where the second support struc-
ture includes a second PCB, and where the first PCB is
electrically coupled to the second PCB via a flex PCB.
[0070] Example 4. The device of one of examples 1 to
3, where the glass extends beyond the edge surface of
the screen and is in contact with the frame.

[0071] Example 5. The device of one of examples 1 to
4, where the screen is in contact with the edge surface
of the first support structure.

[0072] Example 6. The device of one of examples 1 to
5, where the screen is in contact with the laminate.
[0073] Example 7. The device of one of examples 1 to
6, where the end-fire antenna is a Yagi antenna.

[0074] Example 8. The device of one of examples 1 to
7, where the plurality of interconnect levels includes be-
tween 4 and 6 interconnect levels.

[0075] Example 9. The device of one of examples 1 to
8, where a first interconnect level of the plurality of inter-
connect levels includes the end-fire antenna, and where
a second interconnect level of the plurality of interconnect
levels includes the patch antenna.

[0076] Example 10. The device of one of examples 1
to 9, where the first interconnect level further includes a
second end-fire antenna configured to direct a third mil-
limeter-wave radiation beam in a direction opposite to a
direction of the first millimeter-wave radiation beam.
[0077] Example 11. The device of one of examples 1
to 10, where the first interconnect level is closer to the
RFIC than the second interconnect level.
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[0078] Example 12. The device of one of examples 1
to 11, where the end-fire antenna is a transmitting anten-
na, the package furtherincluding first and second receiv-
ing end-fire antennas disposed in the first interconnect
level.

[0079] Example 13. The device of one of examples 1
to 12, where the RFIC includes a millimeter-wave radar
configured to transmit a radiation pulse using the end-
fire antenna, and configured to receive a reflected radi-
ation pulse using the first and second receiving end-fire
antennas.

[0080] Example 14. The device of one of examples 1
to 13, where the radiation pulse includes a chirp.
[0081] Example 15. The device of one of examples 1
to 14, where a distance between the edge surface of the
screen and the frame is between 0.3 mm and 0.5 mm.
[0082] Example 16. The device of one of examples 1
to 15, where the glass has a thickness lower than 1.3
mm, has a shear modulus higher than 26 GPa, and has
a fracture toughness higher than 0.67 MPa m0.5.
[0083] Example 17. The device of one of examples 1
to 16, where the first and second millimeter-wave radia-
tion beams include signals between 24 GHz, and 120
GHz.

[0084] Example 18. The device of one of examples 1
to 17, where the package has afirst thickness, and where
a distance between the edge surface of the screen and
the frame is lower than the first thickness.

[0085] Example 19. A mobile device including: a
screen; a glass; first, second, third and fourth frames that
surround the screen and the glass; a gap between the
screen and the first frame; a first printed circuit board
(PCB) having a main surface facing the first frame and
an edge surface facing the screen; and a package elec-
trically coupled to the first PCB via a connector, the pack-
age including a radio-frequency integrated circuit (RFIC)
thatincludes a millimeter-wave radar and alaminate hav-
ing a plurality of interconnect levels, where a first inter-
connect level of the plurality of interconnect levels in-
cludes an end-fire antenna configured to direct a first
millimeter-wave radiation beam through the gap and the
glass, and where a second interconnect level of the plu-
rality of interconnect levels includes a patch antenna con-
figured to direct a second millimeter-wave radiation beam
through the first frame, where the package has a first
thickness, and where a distance between the screen and
the first frame is lower than the first thickness.

[0086] Example 20. The mobile device of example 19,
further including: a second gap between the screen and
the second frame; a second PCB having a main surface
facing the second frame and an edge surface facing the
screen; and a second package electrically coupled to the
second PCB via a connector, the second package includ-
ing a second radio-frequency integrated circuit (RFIC)
that includes a second millimeter-wave radar and a sec-
ond laminate having a second plurality of interconnect
levels, where a first interconnect level of the second plu-
rality of interconnect levels includes a second end-fire
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antenna configured to direct a third millimeter-wave ra-
diation beam through the second gap and the glass, and
where a second interconnect level of the second plurality
of interconnect levels includes a patch antenna config-
ured to direct a fourth millimeter-wave radiation beam
through the second frame.

[0087] Example 21. The mobile device of one of ex-
amples 19 or 20, where the first frame is opposite the
second frame.

[0088] Example 22. A method for transmitting and re-
ceiving radar signals in a mobile device, the method in-
cluding: transmitting a first radar signal through a glass
of the mobile device with a first Yagi antenna of a pack-
age, the first Yagi antenna being formed in a first inter-
connect level of a laminate of the package, where a
screen of the mobile device covers the laminate and does
not cover the first interconnect level; transmitting a sec-
ond radar signal through a frame of the mobile device
with a first patch antenna of the package, the first patch
antenna being formed in a second interconnect level of
the laminate, the first interconnect level being different
from the second interconnect level; and receiving reflect-
ed radar signals with a second Yagi antenna formed in
the first interconnect level and a second patch antenna
formed in the second interconnect level.

[0089] While this invention has been described with
reference to illustrative embodiments, this description is
not intended to be construed in a limiting sense. Various
modifications and combinations of the illustrative embod-
iments, as well as other embodiments of the invention,
will be apparent to persons skilled in the art upon refer-
ence to the description. It is therefore intended that the
appended claims encompass any such modifications or
embodiments.

Claims
1. A device comprising:

a first support structure having a main surface
and an edge surface;

a screen covering the first support structure and
having a main surface and an edge surface;

a glass covering the screen;

a frame; and

apackage electrically coupled to the first support
structure via a connector, the package compris-
ing a radio-frequency integrated circuit (RFIC)
and a laminate that has a plurality of intercon-
nect levels, the plurality of interconnect levels
comprising an end-fire antenna configured to di-
rect a first millimeter-wave radiation beam
through the glass, and a patch antenna config-
ured to direct a second millimeter-wave radia-
tion beam through the frame, wherein the screen
partially covers the laminate.
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2,

10.

1.

12.

13.

The device of claim 1, further comprising a second
support structure having a main surface substantially
parallel to the main surface of the screen, the main
surface of the second support structure being sub-
stantially perpendicular to the main surface of the
first support structure, wherein the first support struc-
ture is electrically coupled to the second support
structure.

The device of claim 2, wherein the first support struc-
ture comprises afirst printed circuit board (PCB) and
wherein the second support structure comprises a
second PCB, and wherein the first PCB is electrically
coupled to the second PCB via a flex PCB.

The device of any one of the preceding claims,
wherein the glass extends beyond the edge surface
of the screen and is in contact with the frame.

The device of any one of the preceding claims,
wherein the screenisin contactwith the edge surface
of the first support structure.

The device of any one of the preceding claims,
wherein the screen is in contact with the laminate.

The device of any one of the preceding claims,
wherein the end-fire antenna is a Yagi antenna.

The device of any one of the preceding claims,
wherein the plurality of interconnect levels compris-
es between 4 and 6 interconnect levels.

The device of any one of the preceding claims,
wherein a first interconnect level of the plurality of
interconnect levels comprises the end-fire antenna,
and wherein a second interconnect level of the plu-
rality of interconnect levels comprises the patch an-
tenna.

The device of claim 9, wherein the first interconnect
level further comprises a second end-fire antenna
configured to direct a third millimeter-wave radiation
beam in a direction opposite to a direction of the first
millimeter-wave radiation beam.

The device of claim 9 or 10, wherein the first inter-
connect level is closer to the RFIC than the second
interconnect level.

The device of any one of claims 9 to 11, wherein the
end-fire antenna is a transmitting antenna, the pack-
age further comprising first and second receiving
end-fire antennas disposed in the first interconnect
level.

The device of claim 12, wherein the RFIC comprises
a millimeter-wave radar configured to transmit a ra-
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diation pulse using the end-fire antenna, and config-
ured to receive a reflected radiation pulse using the
first and second receiving end-fire antennas.

The device of claim 13, wherein the radiation pulse
comprises a chirp.

A method for transmitting and receiving radar signals
in a mobile device, the method comprising:

transmitting a first radar signal through a glass
of the mobile device with a first Yagi antenna of
a package, the first Yagi antenna being formed
in a first interconnect level of a laminate of the
package, wherein a screen of the mobile device
covers the laminate and does not cover the first
interconnect level;

transmitting a second radar signal through a
frame of the mobile device with a first patch an-
tenna of the package, the first patch antenna
being formed in a second interconnect level of
the laminate, the first interconnect level being
different from the second interconnectlevel; and
receiving reflected radar signals with a second
Yagiantennaformed in the firstinterconnect lev-
el and a second patch antenna formed in the
second interconnect level.
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